Reactive oxygen species (ROS) are key components of postreceptor intracellular signaling pathways; however, the role of ROS in signal initiation is uncertain. We discovered that receptor-ligand interaction caused the generation of hydrogen peroxide (H 2O2). Using members of the hematopoietin receptor superfamily, as well as EGF receptor, we show that H 2O2 is generated by specific receptorligand interaction in cells and in cell-free systems. With cognate ligand, the extracellular domain of the receptor was sufficient for H 2O2 generation. We also found that production of H2O2 was diminished in a granulocyte-macrophage colony-stimulating factor receptor mutant unable to bind ligand. Exogenously added H 2O2 induced signaling in the absence of ligand, whereas catalase and a membrane-bound peroxiredoxin inhibited ligand-dependent signaling. Our results suggest that H 2O2 produced by receptorligand interaction is involved as a chemical mediator that facilitates cell signaling.
G
rowth factors and cytokines achieve their effects by binding specific cell-surface receptors that initiate intracellular signaling cascades (1) (2) (3) . Reactive oxygen species (ROS) are involved in modulating these signaling pathways (4, 5) , but their precise role in signal initiation is unknown.
The granulocyte-macrophage colony-stimulating factor (GM-CSF) signaling pathway is known to involve ROS, and antioxidants inhibit early ligand-dependent responses (6, 7) . Human GM-CSF is a hematopoietic growth factor that regulates the proliferation, maturation, and differentiation of myeloid progenitors, as well as the function of mature host defense cells (8) . The GM-CSF receptor (GMR) is comprised of an 85-kDa ␣-subunit (␣GMR) that binds ligand with low affinity and a 130-kDa ␤-subunit (␤GMR) that cannot bind ligand alone but forms a high-affinity receptor with ␣GMR (9-11). The ␤-subunit is common to the GM-CSF, IL-3, and IL-5 receptors (12) . GM-CSF initiates receptor-mediated transmembrane signaling events by means of the activation of the Janus family tyrosine kinase 2 (Jak2) (13) that then phosphorylates ␤GMR (14) . The resultant phosphotyrosines on ␤GMR provide binding sites for signaling proteins with Src homology 2 domains, including signal transducers and activators of transcription (STAT) proteins (1, 15, 16) . GM-CSF also activates the ras͞raf signaling pathway, inducing mitogen-activated protein kinase (MAPK) phosphorylation and downstream transcription factors (8, 17, 18) .
Receptors possessing intrinsic kinase domains, such as the EGF receptor (EGFR) and platelet-derived growth factor receptor (PDGFR), also signal by means of ROS-mediated mechanisms (19, 20) . Hydrogen peroxide (H 2 O 2 ) has been shown to be involved in the activation of EGFR and PDGFR (19, 20) .
Our finding that activation of phosphatidylinositol 3-kinase by the isolated ␣-subunit of the GMR (␣GMR) was inhibited by extracellular catalase (21) led to the hypothesis that H 2 O 2 generated extracellularly by receptor-ligand interaction could permeate into the cell and facilitate signaling. It has been reported that normal and malignant cells, as well as isolated proteins, have the ability to generate H 2 O 2 (22) (23) (24) . We show in cells and cell-free systems that the extracellular domain of hematopoietin receptors interacting with cognate ligand is sufficient to generate H 2 O 2 . The EGFR also produced H 2 O 2 when interacting with its ligand. These results suggest a general role of ROS in receptor-mediated facilitation of signaling.
Materials and Methods
Cells. A431 (human epidermoid carcinoma) and 293T (human kidney epithelial) cells were grown in DMEM-high glucose supplemented with 10% heat-inactivated FBS, 1% L-glutamine, and 1% penicillin͞streptomycin. U937 (human histiocytic lymphoma) cells were obtained from the American Type Culture Collection (Manassas, VA) and grown in RPMI medium 1640 supplemented with 10% heat-inactivated FBS, 1% L-glutamine, and 1% penicillin͞streptomycin. MO7e (human megakaryocytic leukemia, cytokine-dependent) cells were grown in Iscove's modified Dulbecco's medium with 10% heat-inactivated FBS, 1% L-glutamine, and 1% penicillin͞streptomycin and supplemented with 30 pM GM-CSF.
Constructs. Human ␣-and ␤-subunits of GMR were in the pMX expression vector (21) . Human EGFR was in the pUSE expression vector (Upstate Biotechnology, Lake Placid, NY). The ␣GMR and ␤GMR intracellular deletions in the pcDNA4͞His-V5c expression vector (␣⌬ and ␤⌬) were provided by Jian Chen (Memorial Sloan-Kettering Cancer Center). The extracellular domain of ␣GMR (␣GMRx) fused to a 6xHis tag was used to secrete receptors into media for isolation. Site-directed mutagenesis (QuikChange II, Stratagene) was used to create a cysteine-to-serine point mutation in ␣GMR (C136S) and ␣GMRx (C136Sx). The BD Advantage 2 PCR Enzyme System (BD Biosciences) was used to amplify peroxiredoxin-5 (Prdx5) from Marathon-Ready human lung cDNA (Clontech). The primers used were 5Ј-AGATCTCCCGGGATGGGACTAGCT-GGCGTG-3Ј and 3Ј-CTGCAGCCGCGGGAGCTGTGAGAT-GATATT-5Ј. Prdx5 was then cloned into the pDisplay expression vector (Invitrogen).
Transfections and Luciferase Assays. 293T cells were transiently transfected with cDNAs by using GeneJammer transfection reagent (Stratagene). STAT5-dependent signaling was performed with p8xGAS-luciferase reporter plasmid (25) , and luciferase activity was quantitated with a luciferase reporter assay system (Promega). For experiments with fixed cells, transfected 293T cells were washed with PBS, fixed in 4% paraforAbbreviations: ROS, reactive oxygen species; GM-CSF, granulocyte-macrophage colonystimulating factor; GMR, GM-CSF receptor; EGFR, EGF receptor; Jak2, Janus family tyrosine kinase 2; STAT, signal transducers and activators of transcription; MAPK, mitogen-activated protein kinase; GH, human growth hormone; ProL, prolactin; Prdx5, peroxiredoxin-5; ␣GMRx, extracellular domain of ␣GMR.
maldehyde (pH 7.4) for 10 min, washed three times, and resuspended in PBS.
Receptor Binding Assay. Receptor binding assays were performed by using 293T cells (live or fixed) incubated overnight at 4°C with 125 I-GM-CSF (PerkinElmer) in DMEM-high glucose serumfree medium. Cells were washed with FCS and then washed three times with PBS. Radioactivity of the cell pellets was measured by using a Cobra II AutoGamma (D5005) gamma counter (Packard).
Receptors and Ligands. ␣GMRx and C136Sx proteins were isolated from the supernatants of transfected 293T cells with Ni ϩ -nitrilotriacetic acid (NTA) HisSorb Strips (Qiagen, Valencia, CA). Recombinant human ligands and receptors (R & D Systems) were Ͼ97% pure. Recombinant human soluble EGFR (Research Diagnostics, Flanders, NJ) was Ϸ80% pure. Commercially obtained proteins were carrier-free and reconstituted in PBS.
Immunoblotting. Full-length ␣-and ␤-subunits of GMR were detected with anti-␣GMR (C18) and anti-␤GMR (C20) antibodies, respectively (Santa Cruz Biotechnology). ␣⌬, ␣GMRx, C136Sx, and ␤⌬ were detected with anti-␣GMR (S50) and anti-␤GMR (N20) antibodies (Santa Cruz Biotechnology). Receptor bound to Ni ϩ -NTA plate was quantitated by using S50 antibody and rhodamine-conjugated secondary antibody (Santa Cruz Biotechnology). Expression of Prdx5 was detected with anti-HA antibody (clone 12CA5, Roche Diagnostics). Expression of p44͞42-MAPK and phosphorylated p44͞42-MAPK was detected as described in ref. 7 . Phosphorylated Jak2 and unphosphorylated Jak2 were detected by using antibodies from BioSource International (Camarillo, CA). Expression of EGFR was determined by using anti-EGFR (sc-03) or anti-phospho-EGFR (sc-12531-R) (Santa Cruz Biotechnology) antibodies. The enhanced chemiluminescence Western blotting detection system was used (Amersham Biosciences).
Cellular Proliferation and Viability Assays. MO7e cells were incubated with 30 pM GM-CSF for 48 h with or without catalase. Cell proliferation and viability were determined by trypan blue exclusion. Viability of live and fixed cells was determined by WST-8-based colorimetric assay (CCK-8, Dojindo, Gaithersburg, MD).
Phosphorylation of ␤GMR. Cells (293T) expressing ␣GMR and ␤GMR were preincubated for 10 min with 5 ϫ 10 3 units͞ml bovine liver catalase (Sigma-Aldrich) and then treated with 1 nM GM-CSF for 15 min. The phosphorylation of ␤GMR was detected by immunoblotting with anti-phosphotyrosine (4G10 clone, Upstate Biotechnology) from extracts immunoprecipitated with anti-␤GMR, as described in ref. 7 . For in vitro phosphorylation of ␤GMR, the ␣͞␤GMR complex was immunoprecipitated with anti-␤GMR antibody (S16, Santa Cruz Biotechnology) and Protein A beads. Beads were incubated for 15 min at 30°C in kinase reaction buffer (200 mM MgCl 2 ͞10 mM MnCl 2 ͞2 mM EGTA͞80 mM ␤-glycerophosphate͞80 mM imidazole HCl, pH 7.3) containing 15 M ATP and 0.3 Ci͞L (1 Ci ϭ 37 GBq) ␥-32 P ATP with or without GM-CSF, catalase, AG490 (Sigma-Aldrich), or H 2 O 2 . Beads were washed and resuspended in SDS-loading buffer, and ␤GMR phosphorylation was detected by autoradiography. Unphosphorylated ␤GMR was detected by immunoblotting. H2O2 Detection and Quantitation. H 2 O 2 was detected by using Amplex Red (A-22188, Molecular Probes) and using fluorescence microscopy and spectroscopy. Fluorescence microscopy was performed by using an Olympus BX60 microscope with NG filter, a QImaging CCD camera (Retiga 1300C), and QCAPTURE software (QImaging, Burnaby, Canada). Exposure times varied between experiments but remained constant within each experiment. Fluorescence spectroscopy was performed by using a ThermoLab System Fluoroskan Ascent FL (Thermo Electron, Waltham, MA), and H 2 O 2 was quantitated with standard curve. To detect extracellular H 2 O 2 generation, supernatants (2 l) from cells expressing ␣GMR, ␤GMR, or EGFR and treated with GM-CSF or EGF were applied to a nitrocellulose membrane (Bio-Rad), and fluorescence was detected by microscopy. Fluorescence was quantified from QCAPTURE digital images with NIH IMAGEJ software. To detect H 2 O 2 generated by receptorligand interaction in cell-free systems, reactions using various combinations of IL-3, IL-5, human growth hormone (GH), and prolactin (ProL) ligands and receptors (final concentration of 3 M) with or without 5 ϫ 10 3 units͞ml catalase were incubated at 37°C for 1 h with Amplex Red (final volume of 5 l). Additionally, reactions using various combinations of EGF ligand and receptor (final concentration of 600 nM) were performed. Two microliters from each reaction was spotted onto a nitrocellulose membrane for H 2 O 2 detection by fluorescence microscopy.
Phosphorylation of Jak2, MAPK, and EGFR. Cells were serum-starved overnight, washed in PBS, and preincubated for 15 min with or without catalase. Cells were treated with 1 nM GM-CSF or 500 M H 2 O 2 for 10 min, and phosphorylated Jak2 or MAPK was detected by immunoblotting (7) . For activation of EGFR, cells were preincubated at 37°C for 30 min with or without catalase and then treated with or without EGF (10 ng͞ml) for 3 min. EGFR-expressing 293T cells preincubated for 1 h at 37°C with the tyrosine kinase inhibitor AG1478 (Sigma-Aldrich) were treated with 50 ng͞ml EGF for 5 min. Phosphorylated and unphosphorylated proteins were detected by immunoblotting.
Results

Receptor-Ligand Interaction Generates Extracellular H2O2 in Cells.
To investigate the ability of the GMR to generate extracellular H 2 O 2 , 293T cells were transiently transfected with ␣GMR or ␤GMR or cotransfected with both subunits. The cellimpermeable reagent Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine), which is converted into a fluorescent compound in the presence of H 2 O 2 , was used to detect extracellular H 2 O 2 . Cells expressing ␣GMR or the high-affinity ␣͞␤GMR generated an incremental increase in extracellular H 2 O 2 over background when treated with GM-CSF (Fig. 1A) . Neither untransfected cells nor cells expressing ␤GMR produced an increase in H 2 O 2 in the presence of ligand, presumably because the ␤GMR subunit does not bind GM-CSF. We measured H 2 O 2 in the supernatants of GM-CSF-treated 293T cells transfected with ␣GMR or with ␣͞␤GMR and found an almost 3-fold increase in generated H 2 O 2 over control after subtracting background levels of H 2 O 2 (data not shown). These results are consistent with the thesis that receptor-ligand interaction causes the generation of extracellular H 2 O 2 . However, the increase in H 2 O 2 observed in this cellular system could include H 2 O 2 resulting from signaling, as well as that generated by receptor-ligand interaction. To determine whether receptor-ligand interaction could generate extracellular H 2 O 2 in the absence of signaling, we used intracellular deletion mutants (␣⌬͞␤⌬). In an overexpression system, ␣͞␤GMR and ␣⌬͞␤⌬ bound ligand with similar capacities (Fig.  1B) . Compared with wild type, ␣⌬͞␤⌬ was defective in STAT5-dependent signaling (Fig. 1C) . In response to ligand, both ␣͞␤GMR and ␣⌬͞␤⌬ produced a similar increase in H 2 O 2 compared with untransfected cells after 2 min (Fig. 1D) . These results suggest that the extracellular domains of ␣͞␤GMR are sufficient to generate a ligand-dependent increase in extracellular H 2 O 2 .
Receptor-Ligand Interaction Produces H2O2 in Fixed Cells and Isolated
Proteins. To further document that protein-protein interaction between receptor and ligand generated H 2 O 2 extracellularly in the absence of signaling, we fixed with 4% paraformaldehyde 293T cells expressing GMRs. Fixed cells were able to retain the ability to bind ligand similar to live cells (Fig. 2A) . Additionally, fixed cells were not viable, as determined by trypan blue exclusion (data not shown) or WST-8-based colorimetric assay (Fig. 2B) . Compared with live cells expressing ␣͞␤GMR, fixed cells expressing ␣͞␤GMR failed to signal via STAT5 (Fig. 2C) . As detected by fluorescence microscopy, supernatants from fixed cells expressing ␣GMR, but not ␤GMR, generated a GM-CSF-dependent increase in H 2 O 2 (Fig. 2D) . Fluorescence spectroscopy revealed that fixed cells expressing ␣GMR and ␣͞␤GMR generated a ligand-dependent increase in H 2 O 2 , whereas untransfected and ␤GMR-expressing cells did not (Fig.  2E) . We confirmed the specificity of H 2 O 2 production in fixed 293T cells expressing ␣GMR or EGFR. Only cognate receptorligand interaction generated an increase in H 2 O 2 as detected by fluorescence microscopy (Fig. 2F) . To demonstrate that H 2 O 2 generation requires intact receptor-ligand binding, we created a binding-defective ␣GMR mutant (C136S) (Fig. 2G Left) (26) . In a cell-free system, we found that ␣GMRx generated a GM-CSFdependent increase in H 2 O 2 production, whereas C136Sx did not (Fig. 2G Right) . These results suggest that receptor-ligand interaction can generate an increase in H 2 O 2 in the absence of signaling.
We sought to determine whether extracellular H 2 O 2 generation by receptor-ligand interaction was a general phenomenon in the hematopoietin receptor superfamily by studying purified proteins. Using human IL-3, IL-5, and respective soluble receptors (␣IL-3Rs and ␣IL-5Rs), we found that ligand or receptor alone produced low levels of H 2 O 2 ( Fig. 3 A and B) . However, cognate receptor-ligand pairs generated increases in H 2 O 2 that exceeded additivity. To ensure specificity, we incubated ␣IL-3Rs with IL-5 and incubated ␣IL-5Rs with IL-3. Under these con- ditions, H 2 O 2 production diminished to levels observed for receptor alone (Fig. 3 A and B) . Using GH, ProL, and the extracellular domains of their respective receptors (GHRx and ProLRx), we found that cognate receptor-ligand combinations produced increased H 2 O 2 ( Fig. 3 C and D) . Noncognate pairs also generated increases in H 2 O 2 but at levels less than observed for cognate pairs. This finding likely reflects that GHR is known to bind ProL and vice versa (Fig. 3 C and D Peroxidases Inhibit GM-CSF-Dependent Cellular Responses. We investigated the role of H 2 O 2 in cellular responses induced by GM-CSF: specifically, survival of factor-dependent MO7e cells and STAT5 activation in ␣͞␤GMR-expressing 293T cells. MO7e cells were incubated in GM-CSF for 48 h with varying concentrations of catalase. Addition of extracellular catalase significantly decreased cell proliferation compared with control (Fig.  4A) . Catalase did not affect viability in MO7e or U937 cells at 48 h as measured by trypan blue exclusion, suggesting that, at the concentration used, the enzyme was not cytotoxic (data not shown). Cells treated with catalase had a 45% reduction in cell number compared with control, suggesting that extracellular H 2 O 2 plays a role in GM-CSF-supported growth. To assess the effect of extracellular catalase on GM-CSF-dependent STAT5 signaling, 293T cells were transfected with ␣͞␤GMR and p8xGAS-luciferase reporter construct. Cells treated with catalase and incubated for 5 h with GM-CSF had a nearly 40% reduction in STAT5-dependent transcriptional activation (Fig.  4B) . We sought to confirm the catalase results by expressing human Prdx5 on the cell membrane (27) . The effect of Prdx5 on GM-CSF-mediated STAT5-dependent signaling was examined in 293T cells transfected with ␣͞␤GMR and Prdx5. Cells expressing Prdx5 at the cell membrane exhibited a 45% reduction in STAT5-dependent luciferase activity (Fig. 4C) . Catalase was also effective in diminishing GM-CSF-induced p44͞42-MAPK phosphorylation in U937 and MO7e cell lines (Fig. 4D ). These results suggest that extracellular H 2 O 2 is involved in GM-CSF cell signaling. As assessed by immunoprecipitation and immunoblotting, the ␣͞␤GMR complex was unchanged in the presence of human or bovine catalase, suggesting that the enzyme does not have proteolytic activity toward the receptor, nor does it disrupt ␣͞␤GMR complex formation (data not shown).
H2O2 Is Involved in GM-CSF-Induced Early Signaling Events. We reasoned that if H 2 O 2 facilitates GM-CSF signaling after receptor-ligand interaction, then H 2 O 2 should activate downstream signaling in the absence of ligand. We found that H 2 O 2 was sufficient to induce phosphorylation of Jak2 and p44͞42-MAPK in U937 cells (Fig. 4E) . Additionally, in 293T cells expressing ␣͞␤GMR, GM-CSF induced phosphorylation of ␤GMR that was diminished by preincubation with catalase (Fig. 4F) . Catalase alone appeared to increase phosphorylation of ␤GMR.
To address the role of H 2 O 2 in the activation of kinases involved in the phosphorylation of ␤GMR, we developed a cell-free kinase assay based on ␤GMR-associated proteins. Using this in vitro system, GM-CSF induced ␤GMR phosphorylation that was inhibited by catalase and a Jak2 inhibitor, AG490 (Fig. 4G) . The addition of H 2 O 2 also resulted in ␤GMR phosphorylation (Fig. 4H) .
EGF-EGFR Interaction Generates H2O2 Independent of Intracellular
Signaling. We investigated whether H 2 O 2 consequent to receptorligand interaction could facilitate signaling mediated by receptors with intrinsic kinase domains. We used the EGFR as a model because it has been suggested that EGF-induced signaling involves the generation of H 2 O 2 (19) . Extracellular catalase inhibited EGFinduced phosphorylation of EGFR in A431 cells (Fig. 5A) . These results support a role for H 2 O 2 in early EGFR-mediated signaling events. We found that in 293T cells transiently transfected with EGFR, the addition of EGF resulted in extracellular H 2 O 2 production (Fig. 5B) . To assess whether receptor-ligand interaction could generate H 2 O 2 in the absence of EGFR kinase function, 293T cells expressing EGFR were preincubated with a tyrosine kinase inhibitor, AG1478. At a concentration of AG1478 that completely inhibits EGFR phosphorylation by EGF, we found that AG1478 did not prevent EGFR-ligand-dependent H 2 O 2 production (Fig.  5C ). Additionally, we investigated the production of H 2 O 2 in fixed 293T cells expressing EGFR or ␣GMR. We found that cognate ligand, but not GM-CSF, induced an increase in H 2 O 2 , indicating a requirement for receptor-ligand specificity (Fig. 5D) . Membranebased fluorescence assay with purified EGF and soluble EGFRs showed that receptor-ligand interaction using isolated proteins was sufficient to produce H 2 O 2 (Fig. 5E) .
We propose that H 2 O 2 generated extracellularly by receptorligand interaction can diffuse locally into the cell, where it may participate in the inactivation of phosphatases and͞or the activation of kinases involved in signaling (Fig. 6 ). (22, 24) .
Discussion
The molecular mechanism by which receptors lacking intrinsic kinase domains initiate signaling is not known. It is believed that ligand-induced receptor dimerization or oligomerization leads to activation of an ''acquired'' cytoplasmic tyrosine kinase, such as Jak2 in the case of the GMR (13, 29) . The mechanism of Jak2 activation is not known in detail, although proximity-facilitated transphosphorylation is likely important. Our concept is that H 2 O 2 generated by the ligand-receptor interaction facilitates activation of Jak2 or other initiating kinases. Because H 2 O 2 is a small, diffusible molecule that can be generated and destroyed rapidly in response to cellular requirements, it has the properties of a signaling messenger (5) . It is known that ROS can activate the Jak-STAT pathway (30, 31) . We previously found that vitamin C prevented GM-CSF-dependent Jak2 activation and consequent ␤GMR phosphorylation, thus suggesting that a quenchable free radical may also be involved in early signaling events (7) .
In the case of receptors with intrinsic kinases such as EGFR, it is uncertain that proximity alone is sufficient for EGFR kinase transphosphorylation. The EGFR kinase is known to be activated by H 2 O 2 (19, 32, 33) , and our data indicate that H 2 O 2 is generated by the EGF-EGFR interaction and that catalase inhibits EGF-dependent phosphorylation of EGFR. Consistent with our data, a recent report indicated that EGF-induced phosphorylation of EGFR was not dependent on mitochondrial respiration (34) . Our concept is that receptor oligomerization and H 2 O 2 may act together to initiate receptor-mediated signaling in the hematopoietin superfamily, as well as in receptors with intrinsic kinases.
H 2 O 2 can affect signaling through its ability to reversibly oxidize catalytic site cysteine residues on protein tyrosine phosphatases (PTPs), such as PTEN, that result in PTP inactivation (5, 35, 36 It has been suggested that engagement of the B cell antigen receptor by antigen results in an increase in H 2 O 2 production that could locally inhibit protein tyrosine phosphatases (38) , which is in agreement with our proposed model (Fig. 6) . Additionally, T cell receptor stimulation induces rapid H 2 O 2 production independent of NADPH oxidase (39) , which is consistent with our findings in ␣͞␤GMR-deletion constructs and in fixed cells lacking the capacity to signal. Our findings are also consistent with results from receptor chimera experiments in which ligand binding to the extracellular domain of the chimera provided an ''on͞off'' signal, whereas the intracellular domain provided signaling instruction (40) . In our model, the generation of H 2 O 2 extracellularly and receptor oligomerization could act in concert to provide the on͞off signal. We propose that H 2 O 2 generated by receptor-ligand interaction diffuses across the plasma membrane, where it may locally activate kinases or inactivate phosphatases, thereby facilitating receptor-mediated signal transduction.
